Several lines of evidence have previously indicated that the RhD, c, and E blood group antigens are most likely carried by three distinct but homologous red blood cell membrane proteins. To determine whether these polypeptides are encoded by one or several related genes, we have performed Southern blot analysis of genomic DNA prepared from donors of different Rh phenotypes. Using an entire Rh cDNA probe and several exon-specific probes covering the cloned gene from its 5' to 3' ends, we have shown that the Rh locus carried by the genome of RhD-positive individuals is composed of two different but strongly related genes of identical general organization whether they expressed the C or c and E or e antigens, and, surprisingly, even when they do not ECAUSE OF THEIR ROLE in clinical transfusion B and medicine, the Rh antigens are among the most widely determined blood group systems in humans.'.' Currently, human red blood cells (RBCs) are subdivided into Rh-positive and Rh-negative according to the presence or the absence of the D antigen. However, the Rh system is highly polymorphic and a more complete typing includes a systematic determination of Rh antigens of the C/c and E / e series. ' Whether these three sets of antigens that are inherited en bloc represent separate epitopes on a single protein4 or multiple independent proteins encoded by closely linked genes' has remained a controversy since the discovery of the Rh antigens in the early 1940s. Biochemical investigations have shown that the D, c, and E epitopes are most likely carried by distinct homologous unglycosylated integral membrane proteins of 30 to 32 Kd, sharing the same N terminal amino acid sequence.6 How many genes encode these polypeptides is presently unknown.
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The complete primary structure of one Rh polypeptide has been recently deduced from sequence analysis of its messenger RNA (mRNA) isolated from a human bone marrow cDNA library:* but the basis for the D, Cc, and Ee specificities was not established. Moreover, the genetic difference(s) between the RhD-positive and RhD-negative individuals remains undefined. Another unresolved question concerns the identification of the putative allele d of the D gene, and the intriguing inability to identify any d antigen,' whereas other Rh antigens are serologically defined?
As a preliminary approach to address these issues, we have used our Rh cDNA as probe in Southern analysis to investigate the organization of the Rh locus under varying genetic conditions. Our results show that two strongly related Rh genes are present per haploid genome of all RhD-positive donors, whereas one of these two genes is missing in RhD-negative donors.
MATERIAL AND METHODS
Restriction enzymes and T4 DNA ligase were from Biolabs (Northbrood, IL) and radiolabeled nucleotides were from Amersham (Bucks, UK). Thermus aquaticus polymerase (Taq polymerase) was from Perkin-Elmer (Emeryville, CA) and the
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express these epitopes, as in the D--phenotype. The only antigenic variation found to be associated with a consistent genomic polymorphism corresponded to the RhD-positive/ RhD-negative phenotypes. Indeed, one of the two Rh genes was completely lacking when the genomes of several unrelated RhD-negative donors were analyzed. From the present study we conclude that one of the two genes of the Rh locus encodes the RhC/c and RhE/e polypeptides while the other encodes the RhD protein. random priming labeling kit was from Boehringer (Mannheim, Germany).
The complete RhIXb cDNA was prepared as described previously.' Exon-specific sequences specific for nucleotides -22 to +178 (polymerase chain reaction [PCR] 5'), +517 to +665 (PCR 2), and +1214 to +1380 (PCR 3') deduced from the Rh gene structure analysis (ChCrif-Zahar et al, in preparation) were amplified by the PCR," electroeluted from agarose gels, and labeled by the random priming method (specific activity, 5 x l@ to lo9 cpm/kg). For numbering of the probes, position 1+ was taken as the first nucleotide of the translation initiation codon.
Human genomic DNA extracted from peripheral leukocytes"*12 was digested with restriction enzymes (10 U/bg DNA) resolved by electrophoresis in 0.8% agarose gel and transfered as described by Southern" to a nylon membrane (Hybond N+; Amersham) using 0.4 mol/L NaOH as blotting buffer. Hybridization with DNA probes (106 cpm/mL) was performed for 16 hours at 65°C in 6X SSC (1X SSC = 0.15 mol/L NaCI, 0.015 mol/L sodium citrate, pH 7.1), 5X Denhardt (1X Denhardt = 0.02% wt/vol each Ficoll, polyvinylpyrolidone and bovine serum albumin), 0.5% sodium dodecyl sulfate (SDS), 5% dextran sulfate (Mr = 500,000; Pharmacia, Uppsala, Sweden), and 100 pg/mL sonicated salmon sperm DNA. Final washes were performed at 65°C for 15 minutes in 1X SSC, 0.1% SDS (low stringency conditions) or 0.1X SSC, 0.1% SDS (high stringency conditions). Interestingly, m e of the hybridization bands shown in the RhD-positive genomes were undetectable, even under low stringency conditions, when the DNA of the RhDnegative (ddccee) donor was analyzed. Indeed, a strong IO-kb and a faint 8.5-kb Pst I restriction fragment and a 4.5-kb Bam HI restriction fragment were missing in this genome while no replacement bands of different size were observed. In addition, the hybridization signal of the 1.0-, 1.5, and 5.6-kb Pst I fragments were much stronger in the RhD-positive genomes than in the RhD-negative DNA, indicating the presence of double and single hybridizing fragments, respectively. To determine whether the presence or the absence of these Rh sequences was associated with the RhD-positive and RhD-negative phenotypes, and also to better characterize the genomic region involved, we have used exonic probes specific of the 5' end (PCR 5'), the central region (PCR 2), and the 3' end (PCR 3') of the Rh locus to examine the genome of two other unrelated RhD-negative donors and RhD-positive individuals of the Dccee and DCcEe phenotypes.
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RESULTS
Southern analysis
Hybridizations performed with the probes PCR 5' (Fig  3A) , PCR 2 (Fig 3B) , and PCR 3' (Fig 3C) each showed two restriction fragments in the Pst I, BumHI, and Hind111 digests of the RhD-positive DNAs. It is very unlikely that these results may account for the presence of three Rh genes, two of which being very closed, because the intensities of the two hybridization bands in each digest are equivalent. Only one fragment was detected during these experiments in the RhD-negative genomes. The Pst I and BamHI restriction fragments hybridizing with the PCR 5' probe were present in double dose in the RhD-positive DNA and in single dose in the RhD-negative DNA. Similar polymorphisms were observed when the DNA of three other RhD-negative and RhD-positive donors were compared after EcoRI digestion (not shown). These results, which are summarized in Table 1 , clearly indicate that one of the two homologous genes identified in the Rh locus is completely absent from the genome of all the RhD-negative donors investigated.
DISCUSSION
In this report, Rh cDNA sequences were used as probes in Southern blot analyses to answer by a direct approach the following questions: (1) how many structural genes are Rh genes, as expected for genes encoding related protein^,'^ are highly homologous because they are detected in Southem analysis with approximately the same hybridization intensity by exon-specific probes amplified from the 5' region, the central region, and the 3' end of the RhIXb cDNA.' Which Rh polypeptide(s) is encoded by each Rh gene cannot be directly determined, because sufficient structural information discriminating the different Rh polypeptides and thus their genes is presently not available. Some evidence, however, based on a partial RhD protein sequence analysis: suggests that the Rh cDNA clone presently characterized might encode the Cc or Ee polypeptide.
We have shown that the general organization of the two genes composing the Rh locus, as determined by using restriction enzymes with infrequent cleavage sites, is identical in all the RhD-positive genomes, whether or not they express the Cor c and E or e antigens. However, when these different epitopes are more precisely mapped on the different Rh polypeptides, it is likely that further genomic analysis will permit identification of RFLPs associated with the various Rh phenotypes by using restriction enzymes with more frequent sites than those used in the present study.
A comparison of the Rh locus structure under varying genetic conditions has provided us with the basis for the RhD-positive and RhD-negative conditions and the respective assignment of the D and CcEe genes. Indeed, we have shown that one of the twoRh genes is completely missing in the genome of several unrelated RhD-negative donors. It is assumed, therefore, that such a gene should encode the D polypeptide and that its presence or absence represents the genetic basis of the RhD-positive and RhD-negative blood group polymorphism. This idea would explain the fact that neither a little d antigen nor anti-d antibodies have been identified,' because no allelic counterpart of the RhD gene exists in the RhD-negative genome, as it has been usually postulated by analogy to the existence of antithetical C/c and E/e antigens.
Our results confirm neither the one locus theory4 nor the three locus theoryS l4 as the basis of inheritance of Rh blood groups that has been debated for years. They are, however, consistent with a model of two closely linked genes at the The Rh exonic probes used are described in Fig. 3 . the other encodes the C/c and E / e proteins by a still undetermined mechanism. However, pretiminary characterization of splicing isoforms of the RhIXb cDNA suggests that alternative splicing of a unique pre-RNA certainly occurs CLe Van Kim et al, submitted for publication).
The two genes model and alternative splicing events may easily account for biochemical data that indicate that the Rh locus may encode at least but more likely three'* or even more Rh polypeptides. It is consistent also with the findings that the two-dimensional iodopeptide maps of immunopurified Rh proteins showed a more striking homology between the c and E polypeptides than between the D and c or E proteins.18 Indeed, this can be expected if the c and E polypeptides are products of the same structural gene whose transcripts differ by one or a couple of alternative exons.
According to our Rh locus model, a single genetic event, like a point mutation affecting the coding region or a crucial cis-acting regulatory sequence of the CciEe gene, would be sufficient to simultaneously abolish the expression of the C/c and E / e polypeptides in the rare D--genome, which we have shown here exhibits a grossly normal Rh locus organization. Clearly, therefore, the D--complex is not the result of a large deletion within the Rh gene locus. Similarly, preliminary investigations indicate that there is no detectable deletion within the Rh locus in the Dc-complex (Colin et al, unpublished) , suggesting that a different mutation affecting the CcEe gene might selectively abolish the Ee antigen expression. It is also plausible that familial D--and Dc-gene complexes are heterogeneous, being generated by different mutations within the CcEe gene. Whether a new polypeptide carrying neither CcEe nor Ee antigens is produced by the D--and Dc-complexes, respectively, is not yet known.
The characterization of bdth Rh genes and of their different mRNAs produced under varying genetic conditions will be necessary to elucidate the molecular basis of the polymorphic expression of the Rh locus. It is likely also that chromosomal misalignment and unequal crossing-over might further add to the Rh gene structure complexity and resulting haplotypes, as shown recently for the MNSs blood groups that are encoded by the two closely linked glycophorin A and B structural genes." How the D and CcEe structural genes are physically organized on chromosome 1"with respect of the transcription direction is not known, although in the three-locus theory, the order on the chromosome was suggested to be DCE." The relative position of the two Rh genes might be important for the modulation of the entire Rh locus function, as expected from the description of the Rh,,,, or Rh,,, phenotypes caused by "regulator" genes that are independent of the Rh ~O C U S .~~~ From the above results, it is also uncertain whether the Rh,,,, phenotype caused by a postulated "amorph" Rh gene complex' results from a large deletion of the entire Rh locus. An alternative hypothesis would be that this Rh,,,, complex would have arisen from a mutation or a deletion within the single gene present in the RhD-negative haplotype.
We conclude from the organization of the Rh locus in the different Rh phenotypes investigated here, that the "d" symbol is no longer appropriate to describe the RhDnegative condition (ddccee) in the Fisher-Race nomenclature,' because the "d" symbol would refer to a missing gene rather than to the expected allelic form of the D gene. Similarly, the D--or Dc-nomenclatures are also inappropriate, because there is no deletion of the CcEe gene in these complexes. These potential confusions may further favor the use of the alternative numerical nomenclature introduced by Rosenfield et aLZ2
From investigations of Rh blood groups in anthropoid apes and monkeys, it has been proposed that the c antigen appeared before the D antigen during evolution." This Because the CcEe gene exhibits exactly the same organization in the RhD-positive and in the RhD-negative genomes, it is unlikely that the RhD-negative condition could be the result of rearrangement between the homologous D and CcEe genes by unequal crossing-over. Furthermore, such recombination events cannot be as frequent to account for the 15% to 20% of RhD- 
